The method for obtaining whole-cell recordings in freely moving rats was modified from (18) (D. Lee et al., in preparation). Briefly, experimentally naïve, P26-29 male Wistar rats were anesthetized with a mixture of dexmedetomidine, midazolam, and fentanyl, then head-fixed into a stereotaxic frame. A device containing a miniature whole-cell recording headstage (ELC-03XS, and position tracking LEDs was mounted onto the animal's head. Blind in vivo whole-cell recordings were obtained from the dorsal CA1 region of the right hippocampus using recording pipettes (5-7 MΩ) filled with an intracellular solution containing (in mM) K-gluconate 135, HEPES 10, Na 2 -phosphocreatine 10, KCl 4, MgATP 4, and Na 3 GTP 0.3 (pH adjusted to 7.2 with KOH) as well as biocytin (0.2%). After obtaining a whole-cell recording, the recording pipette was anchored rigidly with respect to the skull. The modification of the method from (18) involved using a UV-cured glue in combination with a transparent bridge that connected the pipette to a plate attached to the skull for this anchoring step. The bridge allowed a large reduction in the amount of adhesive used because the adhesive was needed only at the pipette/bridge and bridge/plate interfaces. This resulted in less movement of the pipette with respect to the skull and thus with respect to the recorded neuron during curing, leading to a higher success rate, as well as higher-quality and longer-duration recordings on average. Then the animal was moved to an "O"shaped arena (dimensions as shown in Fig. 1B , with 20 cm-high inner and outer walls) and antagonists (atipamezole, flumazenil, and naloxone) to the anesthetic mixture were administered. After ~1-10 min the animal woke, then explored the arena for the first time. When exploration stopped, the experimenter encouraged the animal to continue moving around the maze by gently lifting its tail. Current-clamp measurements of V m (amplifier lowpass filter set to 5 kHz) were sampled at 20 kHz while the animal's behavior in the maze was captured on video and its location tracked at 30 Hz. After at least 2 laps with no external current applied, if there was no spontaneous spiking, small, depolarizing holding currents (25 to 195 pA) were applied to observe spiking and subthreshold activity at different baseline V m levels (n = 10 neurons). Except for periods when the current was being changed from one level to another, or unless the animal switched running directions, the current was kept constant for at least 1 full lap before being changed to a different level. All neurons had the recording depth and electrophysiological characteristics of somatic CA1 pyramidal cell recordings. Furthermore, at the end of recording, the animal was perfused with 0.1 M phosphate-buffered saline followed by a 4% paraformaldehyde solution. Neurons were visualized with the avidin-biotin peroxidase method. Nine of these cells were histologically verified to have their somata in the CA1 pyramidal cell layer, with 5 having the full dendritic tree visible and 2 having part of it visible (and no evidence of non-CA1-pyramidal-cell filling in the other animal). For additional analyses, the following recordings were also obtained: place cells for which hyperpolarizing current was applied (n = 2), and silent (n = 4) and place (n = 2) cells for which no current was injected (which were used for comparison of baseline V m values only). Recordings were corrected offline for nonzero current across the series resistance (which was measured every 1 min using a 500 ms-long, -300 pA
3 current step added to the constant current level). Recordings were not corrected for the liquid junction potential. All procedures were performed according to the Janelia Farm Research Campus Institutional Animal Care and Use Committee guidelines on animal welfare.
Data Analysis
All analysis was done using custom-written programs in Matlab. All values are reported as mean ± SEM. The unpaired t test or one-sample t test was used for all comparisons. All P values reported are two sided. A value of P < 0.05 was defined as statistically significant.
Membrane potential and firing rate by lap
The locations in the maze were linearized by collapsing them onto a ~170 cm long curve that went around the ''O''-shaped track, giving a one-dimensional representation of animal location. The beginning (position = 0 cm) and end (position = ~170 cm) of the curve, which represent the same location (thus preserving the cyclical structure of the maze), was chosen based on where the current level was usually changed. Movement from 0 to the end represents a full lap. In order to plot the raw V m trace as a function of the linearized position (e.g. Fig. 1C ), which was sampled at a lower frequency, each V m sample was assigned to the linearly interpolated position at that time. Note that due to small back and forth or right and left movements of the animal's head, this plot of the raw V m trace sometimes doubled back on itself for very brief periods. The subthreshold V m trace was estimated from the raw V m trace by methods previously described in detail (14) . Briefly, all APs and any parts of the raw V m trace directly attributable to the somatic spikes themselves (e.g. after-depolarizations) were removed, as well as the entirety of the slow, large, putatively calcium-based depolarization that often follows a burst of APs. The remaining trace was then linearly interpolated across the resulting gaps. The AP firing rate and the mean subthreshold V m as a function of the animal's location for each lap were determined every 4 cm along the track, using 8 cm wide boxcar smoothing (14) . The baseline V m for each lap was computed as the mean of the subthreshold V m values for the 10% of spatial bins with lowest mean subthreshold V m (14) . The baseline V m in the first lap (during which there was no current injection) was not significantly different between silent (n = 14) and (already-existing) place (n = 4) cells (silent: -58.8 ± 1.2 mV versus place: -55.3 ± 3.3 mV, P = 0.38).
Determination of place field region for a given direction and amplitude of subthreshold hill for each lap
The location of the created place field for the set of laps in a given direction was determined as follows. The overall mean subthreshold V m as a function of position of the subset of laps (called "place field laps") that had similar and contiguous baseline V m levels and showed clear spatially-tuned firing was computed. (That is, the subset contained all laps with baseline V m values within the range of baseline V m values in the subset.) From this subthreshold function, the baseline V m was determined (in the same manner as for a single lap), as was the spatial bin with peak subthreshold V m . The set of contiguous position bins around this peak bin where the mean subthreshold V m was ≥ a value equal to the baseline V m plus 20% of the difference between the peak and baseline V m was called the "inside" of the field. The amplitude of the subthreshold hill was computed for each lap by subtracting the baseline V m for that lap (considering all spatial bins in that lap) from the peak value of the mean subthreshold V m for that lap inside of the created place field region (i.e. considering only those spatial bins within the field), regardless of whether that lap itself had any spatial tuning. The duration that the subthreshold V m remained continuously elevated inside the field (Fig. 1D , inset, and Fig. 4A ) in a given place field lap was estimated as follows. The subthreshold V m trace during the lap was boxcar-smoothed with a 500 ms window. Then the longest period during which the animal was inside the field and the smoothed trace was ≥ the value halfway between the baseline and peak V m (determined from the spatially-binned mean subthreshold V m for that lap) was determined. The duration averaged across all fields (4.8 ± 0.5 s) was determined by taking the mean duration for the laps for each field, then taking the mean of the field means.
Sharpness of increase in subthreshold hill amplitude as a function of baseline membrane potential
For each created place field (n = 7), we estimated the baseline V m value (V m,gate ) which split the laps' hill amplitudes such that the mean amplitude on each side of the split differed maximally ( Fig. 3B ). Specifically, this was done by (1) ordering the baseline V m values from all the laps from low to high V m , (2) setting candidate V m,gate values to be the medians between adjacent baseline V m values, then (3) determining the candidate value which maximized the difference between the mean of the amplitudes associated with baseline values above the candidate value and the mean of the amplitudes associated with baseline values below the candidate value. The resulting V m,gate value for the 7 fields was -56.6 ± 1.0 mV. Then, for each field, we normalized all the amplitudes to the mean amplitude above that field's V m,gate . Finally, we aligned the resulting normalized amplitudes across all the fields by subtracting each field's V m,gate from its baseline V m values ( Fig. 3C ). One field was excluded due to the ~7 mV gap between the nearest baseline V m values on each side of V m,gate . Such a large gap prevented an accurate estimate of the transition V m . All other fields had gaps around their V m,gate values of < 3.5 mV, with the mean gap being 1.1 mV. To estimate the sharpness of the transition, the normalized and aligned data were fitted by a sigmoid function, y = b 3 + b 4 / (1 + exp(-(b 2 x + b 1 ))) with parameters b 1 = 1.69, b 2 = 36.67, b 3 = 0.21, b 4 = 0.79 ( Fig. 3C ) (using the Matlab nonlinear least squares regression function "nlinfit").
Input resistance as a function of location
For fields (n = 3) which had a lap with nonzero current level that resulted in a baseline V m below the nonlinear transition threshold for the subthreshold hill amplitude ( Fig. 3C ), we measured the amount of depolarization from the mean subthreshold V m of the initial 0 pA laps to the mean subthreshold V m of this nonzero current level lap for each spatial bin. The input resistance (R N ) in each bin was given by the depolarization in that bin divided by the current. We then compared the R N for bins inside versus outside the eventual location of the field.
Spectral analysis and standard deviation of the membrane potential
Each lap was separated into periods when the animal was inside versus outside the region of the created place field, regardless whether that lap itself had any spatial tuning. In the case of the theta (4-10 Hz) band, the subthreshold V m trace was first reduced to a sampling rate of 500 Hz via decimation. Continuous wavelet transform methods using a complex Morlet mother wavelet (Matlab "cmor1.5-1"(x) = 1/(1.5π) 0.5 · exp(2i πx) · exp(-x 2 /1.5)) were applied to the resulting trace to compute a spectrogram ( Fig. 4A and fig. S7 ). Short-time Fourier transform (STFT) methods were applied to compute the average power in the 4-10 Hz band. Note that ~0.25 s of data were excluded before and after each of the crossing times between the inside and outside of the field to eliminate contamination due to the temporal extent of the STFT window. In the case of the gamma (25-100 Hz) band, a 25-160 Hz bandpass and 60 Hz notch filter were applied to the subthreshold V m trace, the sampling rate was reduced to 2 kHz, and the STFT of the resulting trace taken. Then the periods 60 ms before to 60 ms after each AP and intracellular complex spike burst were removed, and the power in the 25-100 Hz band was averaged over the remaining periods inside versus outside the field. We also excluded 60 ms of data before and after each crossing time between the inside and outside of the field. For the standard deviation of the subthreshold V m trace, a 60 Hz notch filter was applied, and periods 17 ms before to 17 ms after each AP and complex spike burst as well as crossing times were removed, then the standard deviation over the remaining periods inside versus outside the field was computed. The mean subthreshold V m inside versus outside the field was also computed ( Fig. 4C and fig. S8 ). In all cases, analysis was restricted to those laps in which the power or standard deviation could be averaged over at least 2 s of data inside and outside the field. field 6 p = 0.15 p = 0.06 p = 0.50 p = 0.19 p = 0.06 p = 0.98 p = 0.20 p = 0.09 Fig. S5 . No initial bias toward a spatially-tuned subthreshold hill at the eventual location of the created place field at resting Vm. For each field, the following is displayed. Mean subthreshold Vm for place field laps (left, top) and initial 0 pA laps (left, middle) are plotted together as a function of location in the maze. Mean subthreshold Vm for the initial 0 pA laps are also shown at expanded scale (left, bottom). Comparison of mean subthreshold Vm (averaged over spatial bins) inside (red) versus outside (black) location of eventual field for the initial 0 pA laps shown at further expanded scale (right). Note that the absolute differences between the means are very small. For each field, the vertical axes are at the same scale for both full distributions. The vertical axes for the right-tails inside and outside the field are scaled to the total number of values in the respective inside and outside full distributions. Across all fields, there was no bias towards higher (or lower) peak fluctuations in the eventual field location. The standard deviations of the distributions also did not differ (Fig. 3E ). were aligned in the following way. For each direction, the mean subthreshold Vm when the animal was outside the location of the eventual created place field in the initial 0 pA laps was computed. Then this value was subtracted from the mean subthreshold Vm inside and outside the field region for each individual lap. Mean theta power inside (red circles) and outside (blue circles) the field were plotted as a function of the aligned mean Vm. To compare theta power as a function of mean Vm inside the field to that outside of the field, regression lines fitting the red and blue circles were compared. The y-intercept and slope of each regression line were within the 95% confidence intervals of the y-intercept and slope of the other regression line. Fig. S10 . Gating of inputs by somatic baseline Vm implies that the integration of multiple inputs is also gated by somatic baseline Vm. Illustration contrasting the consequences of a basic model of neuronal integration in which excitatory inputs cause somatic depolarization and passively summate regardless of the somatic baseline Vm level (as long as it is below the excitatory reversal potential) (A1-A6) with those of input gating (B1-B6). An individual input causes a subthreshold somatic depolarization in the non-gating case (A1 and A3) and no somatic depolarization in the gating case (B1 and B3), but in neither case is there output spiking. Furthermore, simultaneous somatic baseline depolarization results in spiking with or without gating (A2, A4, B2, B4), thus the downstream consequences of these two models cannot be distinguished when only a single input is considered. However, the models produce different outcomes when multiple (here two), temporally coincident inputs into different dendrites are considered. When there is simultaneous somatic baseline depolarization, there will be spiking in both cases (A6 and B6). When there is no somatic baseline depolarization, the two inputs will passively summate and trigger spiking in the non-gating case (A5), while gating will prevent the inputs from interacting and thus no spiking will occur (B5). A possible example of 2 inputs that would be prevented from interacting due to such gating is one input each to a basal and apical dendrite. This pair of inputs would have to pass through the soma to interact, so a gating mechanism could block this interaction.
